Tea (Camellia sinensis, Theaceae) and tea polyphenols have been studied for the prevention of chronic diseases, including obesity. Obesity currently affects .20% of adults in the United States and is a risk factor for chronic diseases such as type II diabetes, cardiovascular disease, and cancer. Given this increasing public health concern, the use of dietary agents for the prevention of obesity would be of tremendous benefit. Whereas many laboratory studies have demonstrated the potential efficacy of green or black tea for the prevention of obesity, the underlying mechanisms remain unclear. The results of human intervention studies are mixed and the role of caffeine has not been clearly established. Finally, there is emerging evidence that high doses of tea polyphenols may have adverse side effects. Given that the results of scientific studies on dietary components, including tea polyphenols, are often translated into dietary supplements, understanding the potential toxicities of the tea polyphenols is critical to understanding their potential usefulness in preventing obesity. In this review, we will critically evaluate the evidence for the prevention of obesity by tea, discuss the relevance of proposed mechanisms in light of tea polyphenol bioavailability, and review the reports concerning the toxic effects of high doses of tea polyphenols and the implication that this has for the potential use of tea for the prevention of obesity. We hope that this review will
Introduction
Green tea (Camellia sinensis, Theaceae) is a popular beverage with worldwide consumption second only to water. The 3 main types of tea, green, black, and Oolong, which represent 20, 78, and 2% of world tea consumption, respectively, differ in terms of processing and chemical composition. In the processing of green tea, leaves are steamed or pan-fried to inhibit polyphenol oxidase activity. Chemically, green tea is characterized by the presence of large amounts polyphenols known as catechins (1) . (-)-Epicatechin (EC), 3 (-)-epigallocatechin (EGC), (-)-epicatechin-3-gallate (ECG), and (-)-epigallocatechin-3-gallate (EGCG) are the major green tea catechins ( Fig. 1) (2) . A typical cup of brewed green tea (2 g of leaves steeped in 200 mL of water) contains 240-320 mg of catechins, with EGCG accounting for 30-50% of that amount. In contrast, black tea is produced by crushing the tea leaves and allowing them to undergo an enzyme-mediated oxidation process known as fermentation. This process results in the conversion of the majority of catechins to theaflavins (TF) and thearubigins. The TF, which are benzotropolone-linked heterodimers of catechins, are responsible for the characteristic color and taste of black tea (Fig. 1) . The thearubigins are oligomeric and polymeric polyphenolic compounds, which have only recently begun to be structurally characterized (3) (4) (5) . Oolong tea is allowed to undergo partial oxidation, which results in the retention of higher levels of catechins than are found in black tea but also in the formation of unique dimeric and oligomeric polyphenols such as the theasinensins ( Fig. 1) (6) . Green, black, and Oolong teas also contain caffeine (;2-5% by weight), theophylline, and theobromine.
Obesity is defined as a BMI $30 kg/m 2 . Between 1980 and 2007, the rate of obesity in the United States approximately doubled for the adult population (7) . Similarly, there has been a dramatic increase in the rate of obesity in children. Obesity has been reported as a risk factor for a number of chronic diseases, including heart disease, liver disease, diabetes, cancer, arthritis, and others (8, 9) . For example, the EPIC study, a prospective study of 368,277 men and women in 9 European countries, found that waist circumference and waist:hip ratio were both 1 Supported in part by NIH AT004678. 2 Author disclosures: K. A. Grove and J. D. Lambert, no conflicts of interest.
positively correlated with increased risk of colon cancer in men and women (relative risk = 1.39-1.52) (10).
Finkelstein et al. (11) have reported that the public health impact of obesity in terms medical spending in the United States in 2006 was approximately $119 billion. Although surgical and pharmacological methods have been developed to treat obesity, these treatments can be costly and are not without potential adverse effects (12) (13) (14) . The development of dietary agents for the prevention or treatment of obesity, and their use in combination with exercise and changes in energy consumption, could represent a cost-effective and safe means to deal with this growing public health crisis.
Tea and tea polyphenols have been extensively studied for their potential health beneficial effects. Epidemiological and laboratory studies have suggested that tea and tea polyphenols have preventive activity against a number of chronic diseases, including heart disease, neurodegenerative disease, cancer, diabetes, and obesity (15) (16) (17) (18) . Although laboratory studies using animal models have largely demonstrated obesity preventive effects of green tea, the effectiveness of Oolong and black teas has been less well studied. The effects of tea and tea polyphenols on obesity in humans have been suggested by epidemiological studies, but the number of controlled intervention studies is limited and the quality of the study designs is mixed. The roles of tea polyphenols and caffeine in the prevention of obesity by tea, and the interaction between these compounds, have not been fully elucidated. Finally, whereas a substantial collection of in vitro mechanistic studies have been reported, the relevance of these potential mechanisms have not been fully determined in vivo.
In this review, we summarize the literature on the potential efficacy of tea as an obesity-preventive agent. We critically analyze the conclusions of the reviewed studies, evaluate the proposed mechanisms of action, and suggest potential areas for future studies.
Laboratory Studies
Mechanistic studies using cell lines and purified enzymes have focused on the ability of tea polyphenols to inhibit differentiation or induce apoptosis in adipocyte-like cell lines, modulate transport mechanisms of carbohydrates and lipids, alter the expression of genes involved in energy metabolism, or directly inhibit key cellular enzymes [reviewed in (19, 20) ]. The potential relevance of these studies is unclear in most cases, although for some there is good correlation between mechanisms proposed in vitro and effects observed in vivo. For the purposes of this review, we have focused on mechanistic data generated from animal model studies (Fig. 2) . If corresponding in vitro studies have been performed, we have included these for comparison. Mechanisms based solely on in vitro studies, and lacking correlative in vivo data, are beyond the scope of this review. Many animal studies have examined the effects of tea on obesity and related pathologies, including diabetes, hypercholesterolemia, and fatty liver disease [reviewed in (20, 21) ]. Most studies have used green tea, green tea extract (GTE), or pure EGCG in conjunction with both genetic and dietary models of obesity. Several key studies are reviewed in detail below.
Tea and dietary animal models of obesity Bose et al. (22) reported that treatment with 7.0 mmol/g dietary EGCG for 15 wk reduced body weight gain (33-41%) in highfat-fed male C57bl/6J mice compared with high-fat-fed controls. In addition, the EGCG-treated mice had significantly lower adipose tissue weight, fasting blood glucose, fasting plasma cholesterol, and plasma alanine aminotransferase levels. The EGCG-treated mice had higher fecal lipid concentrations compared with the high-fat-fed mice; there was a strong inverse correlation between fecal lipid content and body weight gain. This suggests that EGCG-mediated modulation of dietary fat Prevention of obesity by tea 447 could account for the decrease in body weight observed in the EGCG-treated mice (Fig. 2) .
The same group reported that short-term (4 wk) dietary EGCG treatment (7.0 mmol/g) of obese C57bl/6J mice tended to reduce body weight gain compared with high-fat-fed controls. Although the decrease in body weight gain was not significant, there were significant reductions in mesenteric adipose tissue weight (36%) and fasting blood glucose (22%) in the EGCGtreated mice compared with high-fat-fed controls. This treatment regimen represents a more realistic obesity-related application of EGCG or green tea supplementation, because the most likely consumers of these products would have a preexisting weight problem. Given the small sample size (n = 10) and limited mechanistic data of this short-term study, further studies are warranted. Wolfram et al. (23) demonstrated the effect of TEAVIGO (a proprietary GTE that contains 90% EGCG) on obesity. Treatment of high-fat/high-sucrose-fed C57bl/6J mice with 10 mg/g dietary TEAVIGO resulted in decreased body weight gain, fedstate plasma glucose, plasma triglycerides, and plasma leptin compared with high-fat/high-sucrose-fed controls. In the same study, the authors reported that 4-wk treatment with 10 mg/g dietary TEAVIGO could reduce body weight gain and body fat weight in obese Spague-Dawley rats (n = 8). Gene expression studies revealed that TEAVIGO treatment decreased adipose mRNA levels of fatty acid synthase (FAS) and acetyl CoA carboxylase-1, both key enzymes in de novo fatty acid synthesis. These observations suggest that tea polyphenols may modulate obesity by inhibiting de novo lipogenesis (Fig. 2) .
In most obesity studies of tea in animals, the diets contain very high concentrations of fat (40-60%energy) that may not represent realistic consumption patterns. A recent study by Yuko et al. (24) is an exception. In this study, the effect of tea catechins (1 and 5 g/L in the drinking fluid) administered for 3 wk was determined in male Wistar rats fed a normal-fat diet (10% energy). The 0.5% catechin-treated group had significantly decreased body weight compared with the water-treated control. Both tea catechin groups had lower levels of serum cholesterol, serum triglycerides, and bile acids compared with the control; these values were dose dependent. Mesenteric and liver lipids were also dose dependently reduced compared with the watertreated group. By incorporating tea catechins into a normal diet, this group suggests that catechins can modulate lipid metabolism in nonobese subjects. This is a very important finding and should be confirmed with additional studies.
A more limited number of studies have examined the obesitypreventive effects of Oolong and black tea. Yang et al. (25) compared the effect of GTE, Oolong tea extract, and black tea extract (10 g/L in drinking fluid) in rats fed a high-sucrose diet. Both Oolong and black tea extract-treated rats, but not GTEtreated rats, had decreased body weight gains (28.8-35.0%) and feeding efficiency (19.8-32 .2%) (27) . In all of the tea-treated groups, plasma and liver triglycerides were reduced. It is interesting that GTE did not affect body weight gain in this study. The reasons for this are unclear but may be related to the polyphenol composition, particularities with the model, or some other unknown factors.
Tea and genetic animal models of obesity
The efficacy of GTE in the B6.V-Lepob/J (ob/ob) leptin-deficient mice has been examined (26) . These mice were fed a high-fat diet supplemented with 0.5 mg/g dietary GTE (55% EGCG, 15% EGC, 21% ECG, and 8% EC; wt:wt) for 12 wk. GTE treatment resulted in a significant reduction in perirenal and total white adipose tissue weights compared with high-fat-fed control mice. Also, the GTE-treated mice had higher plasma HDL cholesterol and lower hepatic triglycerides. These effects on lipid homeostasis correlated with decreased adipose and hepatic expression of glucose-6-phosphate dehydrogenase and malic enzyme, 2 enzymes involved in fatty acid synthesis. Interestingly, there was no significant effect of GTE on body weight. This could be due to the very low dose of GTE used. Despite the lack of effect on body weight, the observed changes in lipid homeostasis are interesting.
Bruno et al. (27) compared the effects of treatment with diets containing 1 and 2% (wt:wt) GTE for 6 wk on ob/ob mice (n = 24) and C57bl/6J lean littermates. They found that lean and ob/ ob mice treated with GTE weighed less than their respective non-GTE-treated controls. Furthermore, the GTE was more FIGURE 2 Reported mechanism(s) by which tea polyphenols may modulate body weight and energy balance. Tea polyphenols have been shown to inhibit de novo lipogenesis, increase lipid oxidation, increase carbohydrate utilization, and decrease carbohydrate uptake. Target tissues include the small intestine, the liver, adipose tissue, and skeletal muscle. Abbreviations: S. intestine, small intestine.
effective in the ob/ob mice than in the lean C57bl/6J mice. The obese mice weighed 23-25% less than controls, whereas the lean mice were only 11-20% less. In addition to reduced weight gain, this study found that GTE treatment reduced the extent of hepatic steatosis in ob/ob mice compared with ob/ob mice not treated with GTE. No dose-response relationship was observed for GTE, however, suggesting that 1% GTE may be the maximally effective dose. A dose-response study with lower doses of GTE would be interesting and useful for determining the minimum effective dose. This study did not state whether the GTE contained caffeine, an omission that limits interpretation of the results.
Interaction with exercise and tea in animal models of obesity Exercise in combination with dietary changes to induce a negative energy balance has been the most common recommendation for weight loss. Few studies, however, have systematically examined the interaction between tea polyphenols and exercise. Murase et al. (28) have shown that mice consuming a 20% energy fat diet supplemented with 1.0-5.0 mg/g GTE and put on an exhaustive swimming regimen for 10 wk had increased swimming times compared with Balb/c mice that only had the swimming regimen. Mice treated with GTE also had decreased adipose tissue weight, increased oxygen consumption, and increased b-oxidation activity in muscle compared with mice given the swimming regimen only.
In a second study, high-fat-fed C57bl/6J mice were treated with 5 mg/g dietary catechins, 30 min swimming 3 times/wk, or the combination for 15 wk (29) . Body weight gain was reduced by 18% in the high-fat plus catechins group and 14% in the high-fat plus exercise group compared with the high-fat diettreated mice not given catechins or exercise. The combination of high fat plus catechins and exercise group resulted in the greatest difference; body weight gain decreased by 33% compared with the high-fat-treated group. Mice on the catechins plus swimming regimen had higher muscular b-oxidation activity and higher lipid oxidation as determined by indirect calorimetry compared with the high fat and the high fat plus catechins group. Future studies should be conducted to determine the different dose-response relationships for tea catechins and exercise time, as well as the effect of different types of exercise (forced vs. voluntary, running wheel, etc.). These studies should also be extended to include obese as well as lean mice.
Related in vitro mechanistic studies
Tea and fat metabolism. The in vivo effects of EGCG may be explained by underlying mechanisms suggested by in vitro studies of de novo lipogenesis, lipid absorption, and carbohydrate absorption and utilization (Fig. 2) . Several recent in vitro studies have begun to examine the effects of tea polyphenols on FAS. Wang et al. (30, 31) reported that EGCG and ECG, but not EC and EGC, inhibit FAS with inhibitory concentration 50% (IC 50 ) = 52 and 42 mmol/L, respectively. Another study found that black tea extract inhibited FAS activity more potently than GTE, but the active components were not identified (32) . The mechanisms of these inhibitory effects remain to be examined in more detail.
Two studies have reported that EGCG can inhibit pancreatic lipase activity, but the effective concentrations in these studies varied from 0.4 mmol/L to 1 mmol/L (6, 33) . The reasons for these large differences in effective concentration are unclear but could be related to differences in enzyme source or substrate used. Neither study presented clear dose-response curves for the
-gallate). Nakai et al. (6) have reported that TF, TF-3-gallate (TF-3-G), and TF-3,39-digallate potently inhibited pancreatic lipase activity (IC 50 = 0.09-0.11 mmol/L). Interestingly, the gallated TF (IC 50 = 0.09 and 0.11 mmol/L) and TF (IC 50 = 0.10 mmol/L) did not differ. This suggests an alternative inhibitory mechanism or binding site for the TF compared with the catechins. This hypothesis should be tested using classical enzymology studies in coordination with in silico modeling techniques. Pancreatic phospholipase A 2 (PLA 2 ) has also been studied as a potential target for inhibition by tea catechins. The IC 50 values for the inhibition of pancreatic PLA 2 by catechin, EC, EGC, ECG, and EGCG were .6.0, .6.0, .6.0, 2.8, and 1.6 mmol/L, respectively (34) . Although these inhibitory concentrations are very high, pancreatic PLA 2 might still be a relevant target, because it is secreted into the intestinal lumen, where the concentrations of tea polyphenols are expected to be very high. Further, several studies in animal models have shown that treatment with tea preparations reduces dietary lipid absorption and postprandial lipid concentrations (22, 33) .
Tea and glucose uptake and utilization. Several studies in dietary models of obesity have examined the role of green teamediated modulation of glucose uptake and disposition in obesity prevention. For example, treatment of normal-weight, male Wistar rats with green tea (composition and dose were not defined) for 3 wk resulted in a significant decrease in translocation of glucose transporter (GLU) 4 to the plasma membrane in adipose tissue and decreased glucose uptake by that tissue (35) . Conversely, translocation of GLUT4 to the plasma membrane in skeletal muscle and glucose uptake were enhanced. Both of these findings indicated that treatment with green tea can increase carbohydrate catabolism. In a study of fructose-fed Wistar rats, Cao et al. (36) reported that treatment with 1 or 2 mg/g dietary GTE increased the mRNA expression of GLUT1 and GLUT4 in the liver and the mRNA expression of GLUT2 and GLUT4 in the skeletal muscle.
A role for inhibition of glucose uptake from the gut has been suggested by in vitro studies. Both EGCG and ECG have been shown to inhibit glucose transport by sodium-dependent glucose cotransporter 1 (SGLT1) when the transporter was expressed in Xenopus oocytes (37) . The inhibitory constant for EGCG and ECG were 0.45 mmol/L. These concentrations are high, but because SGLT1 is expressed in the intestine, the levels may be achievable following oral administration of tea polyphenols. These findings confirmed earlier work showing that ECG is a competitive inhibitor of SGLT1, but the potential role of SGLT1 in vivo remains to be determined (38) .
In studies of animal models of obesity and tea reported to date, the majority found no significant effect of tea or tea components on energy intake. Two exceptions have been reported. Yang et al. (25) reported a significant decrease (11.5%) in food intake by mice treated with Oolong tea extract compared with mice not treated with tea. Murase et al. (39) reported that 0.5% tea catechins reduced energy intake by 5.6%, although the trend was not significant. These results suggest that tea treatment reduces feeding efficiency rather than food intake.
The papers reviewed above demonstrate the potential efficacy of tea as an antiobesity agent. However, further studies are needed, particularly on the efficacy and mechanisms of action of black and Oolong teas and the interaction between caffeine and Prevention of obesity by tea 449 the tea polyphenols with regard to weight loss. A potential problem with the current body of literature is related to the amount of fat used in the experimental diets. The typical American diet contains 30%energy fat, whereas most of the reported animal studies used diets with 40-60%energy fat (40) . Studies with a lower fat diet (30-40%energy) might produce data more relevant to the human situation. Similarly, weight loss regimens recommended to obese and overweight individuals often include reduced energy intake and exercise. Future studies should incorporate these factors in examining the efficacy of tea and tea polyphenols.
Human Studies
Epidemiological studies A limited number of epidemiology studies have examined the impact of tea on body weight and other markers related to obesity. A 2003 cross-sectional epidemiological study of 1103 Taiwanese adults found that habitual tea drinkers (defined as someone who consumed tea at least once per week for 6 mo) who consumed tea for .10 y had lower percentage body fat (19.6% decrease) and waist:hip ratio (2.1% decrease) compared with nonhabitual consumers (41) . In this study, green tea and Oolong tea were consumed more frequently than black tea (41.3 vs. 1.6%). A longitudinal analysis within The Netherlands Cohort study of 4280 adults found an inverse relationship between catechin consumption over the 14-y study period and BMI increase (42) . The BMI increases for the lowest and highest quintiles of catechin consumption were 0.77 and 0.31 kg/m 2 , respectively.
Human intervention studies on tea and weight gain A larger number of intervention studies have been conducted on the effect of tea on markers of obesity [reviewed in (19, 21) ]. In 2005, Nagao et al. (43) examined the effect of supplementing Oolong tea with 2 different concentrations of GTE [containing either 22 mg (low) or 690 mg (high) catechins] on body weight and other markers in 35 healthy Japanese men. Following treatment with low or high catechin Oolong tea once daily for 12 wk, participants consuming high-catechin tea had lower body weight (2.4-kg decrease), BMI (0.8 kg/m 2 decrease), waist circumference (3.4-cm decrease), and body fat mass (1.4-kg decrease) compared with baseline. These decreases were significantly greater in the high catechin tea-treated participants than in the low-catechin tea-treated participants.
In a follow-up study by the same group, 240 obese, Japanese participants were treated with a catechin-enriched green tea beverage (583 mg catechins) or a control green tea beverage (96 mg) once daily for 12 wk (44) . Participants consuming the highcatechin beverage had a significant decrease in body weight (2.3% decrease), total fat area (4.9% decrease), and visceral fat (9.4% decrease) compared with baseline values. Percent body fat, waist and hip circumference, and LDL cholesterol were also significantly decreased compared with baseline. All of these decreases were greater in the high-catechin-treated group than in the lowcatechin controls. Similar results were also reported in a study of Japanese participants with type II diabetes that were given 72.3 or 582.8 mg catechins in 1 can of green tea beverage per day (45) . After the 12-wk period, the participants with 582.8 mg catechins had a significant decrease in waist circumference (3.67%) and systolic blood pressure (4.34%) from baseline values. In addition, there was a significant decrease in serum triglycerides (19.1%) and total cholesterol (2.4%) and an increase in insulin (37.0%) compared with the control group. In all 3 of these studies by Nagao et al. (43) (44) (45) , the amount of caffeine in the tea beverages were held constant (21-23 mg) whereas the catechin concentration was varied. This strongly supports the hypothesis that catechins can affect markers of obesity.
The results of studies on tea and body weight and body fat have not been universally positive. For example, in a trial of 60 overweight or obese Thai subjects, ingestion of green tea capsules (250 mg each containing 33.6 mg of EGCG, 3 times/ d) for 12 wk resulted in a significant decrease in body weight (3.9%) compared with baseline and placebo control, but there was no significant effect on BMI, waist:hip ratio, or percent body fat (46) . A similar result was observed in a study of 46 overweight women in the Netherlands (47) . Treatment with GTE (375 mg catechins) for 87 d in combination with reduced calorie diet resulted in no significant effect on BMI, waist:hip ratio, or fat mass. The doses of tea catechins used in these negative studies were somewhat lower than those used in the studies that reported positive doses. So the observed differences may be a dose effect and such an issue will be resolved only with carefully designed dose-response studies in a well-selected population.
Human intervention studies on tea and weight maintenance Another critical question regarding the potential efficacy of tea as an antiobesity agent relates to its ability to aid in weight maintenance following weight loss. A recent meta-analysis of 11 studies on green tea and weight loss showed that habitual consumption of green tea had a beneficial effect on weight loss (mean weight loss of 21.3 kg) and aided weight maintenance following weight loss (48) . The effects of green tea were modulated by chronic, high (.300 mg/d) intake of caffeine. Westererp-Plantenga et al. (49) reported that treatment of overweight or moderately obese subjects from the Netherlands (n = 76) with EGCG/caffeine capsules (0.55 mmol/0.77 mmol total daily dose) for 3 mo following weight loss resulted in further decrease in body weight and increased fat oxidation in people who habitually consumed ,1.55 mmol caffeine/d. In individuals who chronically consumed .1.55 mmol caffeine/d, these weight maintenance effects were lost. This is somewhat counterintuitive given that increased caffeine consumption should facilitate weight loss and energy expenditure. The mechanism by which high chronic caffeine consumption affects weight maintenance by EGCG + caffeine is unclear but could be related to modulation of either EGCG or caffeine metabolism. The results of this study should be confirmed and the potential underlying mechanisms examined.
Human intervention studies on the interactions between tea and exercise Maki et al. (50) examined the interaction between exercise and green tea consumption on weight loss in 107 overweight or obese subjects from the United States. Subjects consumed either a green tea beverage (625 mg catechins) or a placebo once per day in addition to 180 min exercise/wk. After 12 wk of treatment, there was a trend toward a greater decrease in body weight in the catechins group compared with the exercise-only control, but the effect was not significant. The catechin-treated group had a greater decrease from baseline in total abdominal fat (7.7 vs. 0.3% decrease) and serum triglycerides (11.2 vs. 1.9% decrease) than the exercise-only control. Given the combination effects of tea and exercise in animal models (see above), further studies on the interaction between tea and exercise in humans are warranted.
Other considerations Effect of tea polyphenol bioavailability. Our laboratory and others have extensively studied the biotransformation and bioavailability of the tea polyphenols (51) (52) (53) (54) . Typically, the plasma concentration of EGCG in human volunteers following consumption of a dose equivalent to 1 cup of green tea is 1 mmol/L (55, 56) . If pharmacological doses of EGCG (2.6 mmol) are administered to fasted volunteers, peak plasma concentrations reach 7.4 mmol/L (57). The plasma concentrations of TF following oral administration of black tea are much lower (,1 nmol/L) (58) . These concentrations are well below those used in most of the in vitro mechanistic studies conducted, which typically use concentrations of tea polyphenols ranging from 10 to 1000 mmol/L (59-63). In the absence of supporting mechanistic data in animal model or human tissues, it is difficult to determine the relevance of some of the proposed mechanistic results. The effects of EGCG and other tea polyphenols on pancreatic lipase represent a possible exception to this trend. Studies have shown relatively high potency for inhibition of pure enzyme (IC 50 for EGCG ;0.5 mmol/L) and data from animal studies show that EGCG can increase fecal lipid and energy content (6, 22, 64) . Future studies should focus on prioritizing potential targets derived from in vitro studies based on effective concentration and correlating these findings to mechanistic studies in animals.
Potential hepatotoxicity of high doses of green tea polyphenols. One effect of the increasing number of reports describing the potential antiobesity and other beneficial effects of tea and tea polyphenols has been a proliferation of green teabased dietary supplements. Sales of green tea-based dietary supplements in the US totaled (USD) 5. Since 1999, there have been 34 case studies linking consumption of green tea-based supplements to hepatotoxicity [reviewed in (67) ]. In most cases, elevations in serum transaminase levels, as well as increased serum bilirubin, were observed. Histological examination revealed inflammatory, cholestatic, or necrotic liver damage depending on the subject. No clear determinants for the type of pathology observed have been reported. In~20% of these reported case studies, additional liver damage following rechallenge with the same preparation was observed. This suggests a causal relationship between hepatotoxicity and green tea.
Laboratory studies of green tea-derived preparations in rodents and dogs have generally supported the potential toxicity of those preparations at high doses (68, 69) . Oral administration of TEAVIGO or Polyphenon E (standardized tea polyphenol preparation containing 1.4 mmol/g EGCG, 0.16 mmol/g ECG, 0.10 mmol/g EGC, 0.31 mmol/g EC, and 6 mg/g caffeine) for 13 or 9 wk, respectively, to Beagle dogs resulted in dose-dependent toxicity and death (68) . Vomiting and diarrhea were observed throughout both studies. In addition, 500 mg/kg, p.o. TEAVIGO caused proximal tubule necrosis and elevated serum bilirubin in all dogs treated. Most male dogs (2 of 3) had elevated serum aspartate aminotransferase levels. Female dogs (2 of 3), but not male dogs, had liver necrosis. Oral administration of 2000 mg/ kg i.g. TEAVIGO to rats resulted in lethality in 80% of the animals treated (68) . Histological analysis revealed hemorrhagic lesions in the stomach and intestine. Although the toxicity of orally administered EGCG or tea polyphenols has not been reported in mice, intraperitoneal administration of EGCG to CD-1 mice resulted in dose-dependent lethality beginning at 0.33 mmol/kg (69) . Lethality was associated with increases in serum alanine aminotransferase levels, suggesting the involvement of hepatotoxicity.
These findings suggest that caution should be exercised in the use of green tea-based dietary supplements and that further studies are needed to determine the upper limit of safety for bolus dosing with tea polyphenols as well as the underlying mechanisms of toxicity. Further, no studies to our knowledge have been conducted to determine the upper limit of safety for TF or other higher molecular weight tea polyphenols. Such studies are also warranted.
In conclusion, laboratory studies in animals, a limited number of epidemiological studies, and small-scale human intervention studies support the hypothesis that tea and tea polyphenols have beneficial effects on weight gain, weight loss, and prevention of obesity. Although mechanistic studies have suggested that tea decreases lipid and carbohydrate absorption, increases lipid metabolism, inhibits de novo lipogenesis, and increases carbohydrate utilization, the relative importance of these mechanisms to human disease remains unclear. The majority of studies have been conducted using green tea, whereas a more limited number of have been conducted on black and Oolong teas. Given the high prevalence of black tea consumption (;80% of worldwide tea consumption), further studies on the antiobesity effects of this beverage could be of great public health importance. The rapidly increasing incidence of obesity in the United States and the rest of the world makes it imperative to clearly understand the efficacy and mechanisms of action of potential preventive agents derived from the diet. Just as important, the therapeutic index of these agents must be established, not only when the compounds are delivered via the diet but also when (as they often are) converted to a bolus formulation (e.g. pill, capsule, tincture). Only with such a complete understanding can the potential benefits of dietary components with antiobesity effects, including tea, be realized.
